The contents of firefly luciferin in luminous and nonluminous beetles were determined by the methods of HPLC with fluorescence detection and the luminescence reaction of luciferin and firefly luciferase. Luminous cantharoids and elaterids contained various amounts of luciferin in the range of pmol to hundreds of nmol, but no luciferin was detected in the non-luminous cantharoids and elaterids.
A remarkable feature of beetles (Coleoptera) is bioluminescence that is found in many cantharoid beetles and some click beetles (Elateridae). The cantharoid beetles, formerly the superfamily Cantharoidea, 1) consist of Lampyridae (firefly), Phengodidae (railroad worm), Lycidae (net-winged beetle), Cantharidae (soldier beetle), and six other small families.
2) All known species of Lampyridae and Phengodidae are luminous, 3) but the members of the other cantharoid families are non-luminous.
1) The family Elateridae consists of luminous and non-luminous species: all luminous elaterids belong to the subfamily of Pyrophorinae. 4) The fireflies, railroad worms, and luminous click beetles use the same luciferin (firefly luciferin) in their luciferin-luciferase reaction (L-L reaction).
5) The luciferase genes were cloned from various species of Lampyridae, Phengodidae and Elateridae, 6) and the primary sequences show high similarities (>48%) among them. 7) Thus, the bioluminescence systems of luminous beetles are essentially the same (Eqs. 1 and 2).
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The amount of luciferin has been measured in several species of Lampyridae by the different methods.
Approximately 9.0 mg of luciferin was crystallized from 15,000 adult lanterns of the North American firefly, Photinus pyralis (2.1 nmol/lantern). 8) Thereafter, approximately 5.5 mg of luciferin was crystallized from 12,000 adult abdomens of the Japanese firefly, Luciola cruciata (1.6 nmol/abdomen).
9) Strause et al. 10) determined the amount of luciferin in Photuris pennsylvanica by the L-L reaction and reported that a specimen of larva and adult contains 90 nmol and 100 nmol of luciferin, respectively. The amount of luciferin in a larva of the Iranian firefly, Lampyris turkestanicus, was measured by HPLC with a UV detector, 11) and was approximately 0.5 nmol/mg of dried lantern. The amount of luciferin in L. lateralis was recently determined by HPLC with a fluorescence detector, and the result showed that a larva and an adult have approximately 0.1 and 1 nmol of luciferin, respectively.
12)
The aim of this study is to determine the amount of luciferin in luminous and non-luminous beetles. We applied two different methods to analyze the luciferin content in a specimen: the L-L reaction and an HPLC analysis with fluorescence detection. The analytical methods have an advantage and a disadvantage in determining the luciferin contents in beetles. The method using the L-L reaction is highly sensitive, but the amount of luciferin might be underestimated due to the presence of inhibitory factors for the L-L reaction, such as long-chain fatty acids. 13) On the other hand, the method using HPLC with a fluorescence detector is also highly sensitive, but the result might be overestimated when the signal of luciferin overlaps with the peak of other components. Thus, it would be preferable to apply two independent methods for accurately estimating the amount of luciferin.
The mealworm beetle, Tenebrio molitor, was purchased from Jupiter Co. (Tochigi, Japan). The larvae of L. cruciata and L. lateralis were purchased from Chikyu Co. (Hyogo, Japan). A frozen adult of Pyrophorus sp. collected at Santa-Fé in Panama was kindly supplied by Tama Zoological Gardens (Tokyo, Japan). All the other beetles were collected in Aichi, Gifu, and Nagano, Japan. The specimens were frozen by liquid nitrogen, lyophilized with an FDU-506 freeze dryer (Tokyo Rikakikai, Tokyo, Japan), and then homogenized with ten times the weight per volume of hot water at 95 C. After centrifugation, the supernatant was washed with an equal volume of n-hexane, and the aqueous layer was subjected to centrifugal filtration with Ultrafree-MC (PVDF, 0.45 mm; Millipore, Bedford, MA, USA). To estimate the efficiency of luciferin recovery, the adult of T. molitor or A. binodulus was extracted in the presence of 100 pmol of authentic firefly luciferin (potassium salt; Wako Pure Chemicals, Osaka, Japan). The recovery of luciferin was calculated to be 80-90%. For the L-L reaction assay, the reaction mixture (50 ml) in a 96-well plate contained the insect extract (38 ml, but 16 ml for the small species of Plateros coracinus), 5 mM ATP, 0.25 mM CoA and 5 mM MgCl 2 in 500 mM Tris-HCl (pH 7.8). The L-L reaction was initiated by adding 50 ml of recombinant P. pyralis luciferase (1.49 mg in 500 mM Tris-HCl; Promega, Madison, WI, USA). After ten seconds, the light intensity was measured for 60 s by using a JNR AB-2100 luminometer (Atto, Tokyo, Japan). After the measurement, the pH value of the reaction solution was confirmed to be unchanged. For the HPLC analyses, an extract (22-33 ml) was subjected to reversed-phase HPLC (Jasco, Tokyo, Japan), using a Develosil ODS UG-5 column (4:6 Â 250 mm; Nomura Chemical, Seto, Japan) eluted with a linear gradient of 10-70% MeOH in 80 mM Tris-HCl (pH 9.0; the fluorescence intensity of firefly luciferin under the basic condition is higher than that under the acidic condition) 5) for 30 min at a flow rate of 0.6 ml/min. Fluorescence was detected (excitation at 383 nm; emission at 528 nm) with an FP-1520 fluorescence detector (Jasco). The retention time and peak area were analysed by Bowin software (Jasco), using authentic firefly luciferin. Under the foregoing conditions for HPLC analysis, luciferin was eluted at 21 min. When a peak was detected at a similar retention time to that of luciferin, authentic luciferin was mixed with the extract and reanalyzed to distinguish true luciferin from false.
The calibration curve and detection limit of luciferin in the L-L reaction (Fig. 1A) and HPLC (n ¼ 5, Fig. 1B ) analyses were determined by using authentic firefly luciferin. The concentration of authentic firefly luciferin was determined spectrophotometrically, using an absorption coefficient of 18,450 M À1 cm À1 at 328 nm in water. 14) Quantitative linearity (correlation efficient R 2 > 0:999) was observed from 10 fmol to 20 pmol per well by the L-L reaction (Fig. 1A) and from 15 fmol to 20 pmol/injection by HPLC (Fig. 1B) . The detection limit of luciferin (the mean value AE SE is significantly different (Student's t-test, P < 0:05) from that without luciferin) was 5 fmol/well by the L-L reaction. The detection limit by the HPLC (signal to noise ratio, S/N >3) was 15 fmol/injection.
The results showed that adult fireflies (Lampyridae) of L. cruciata, L. lateralis, and L. parvula contain approximately 3.5, 0.5, and 1.5 nmol of luciferin per specimen, respectively (Table 1 ). These amounts of luciferin are approximately equal to the values previously reported: L. lateralis by HPLC with a fluorescence detector; 12) P. pyralis and L. cruciata by purification. 8, 9) The amount of luciferin in an adult of L. parvula is approximately three times higher than that in L. lateralis, although they have roughly same body size. The amount of luciferin in larval L. cruciata determined by the L-L reaction was higher than that by HPLC (Student's t-test, P < 0:05). The luciferin in larval L. lateralis was approximately 20 pmol/insect, which is nearly the same as the result by Niwa et al.
L-Luciferin is not a substrate for the bioluminescence reaction, 15) and Niwa et al. 12) suggested that the larva of L. lateralis possesses approximately 1:1 mixture of D-and L-luciferin by an HPLC analysis using a chiral column. In our analysis, the content of luciferin in the larva of L. lateralis measured by HPLC analysis was larger than that by the L-L reaction analysis (although statistically not significant; Table 1 ). This may be explained by the presence of L-luciferin as suggested by Niwa et al. 12) or by the presence of compounds that inhibit the L-L reaction in the extract. The adult of Lucidina biplagiata is a diurnal and seems to communicate between male and female by pheromones.
16) The adult of L. biplagiata is usually considered to be non- luminous or almost non-luminous: the bioluminescence is undetectable by the human eye, although very weak luminescence was detected by a photomultiplier. 16) In this study, the amount of luciferin in an adult of L. biplagiata was determined to be approximately 3 pmol/insect (Table 1 ). Our result suggests that the very weak luminescence of L. biplagiata is caused by the L-L reaction, as same as the other luminous fireflies.
The beetles in Cantharidae and Lycidae are diurnal and non-luminous, 1, 3) and the families of Cantharidae and Lycidae are supposed to be closely related to Lampyridae. 3, 17) Our results indicated that the species of Cantharidae have no luciferin (Table 1 ). In Lycidae (Lycostomus modestus and P. coracinus), luciferin could not be detected by the L-L reaction, but a small peak corresponding to luciferin on an HPLC chromatogram was detected in the extract. If this peak was luciferin, the content of luciferin was approximately 50 fmol/insect which can be readily detected by the L-L reaction. Thus, the peak detected in the extract of lycids by the HPLC analysis would not be luciferin.
Click beetles (Elateridae) are widespread throughout the world, but the luminous species are only found in tropical and subtropical America and Melanesia.
4) The luciferin in luminous click beetles was determined to be identical to firefly luciferin, 5) but the amount of luciferin has not been estimated. In the present study, the amount of luciferin in an adult of the luminous elaterid, Pyrophorus sp., was determined to be approximately 250 nmol, which is the highest value in our present analysis (Table 1) . It is known that the luminescence intensity of luminous elaterids, especially of the genus Pyrophorus, is much brighter than that in lampyrids. 18) No luciferin in four non-luminous elaterid species was detected, suggesting that non-luminous elaterids have no luciferin (Table 1) . Among the four species, A. binodulus and Cryptalaus berus belong to the subfamily Pyrophorinae, the same as luminous Pyrophorus. 19) We have recently cloned and characterized the orthologous gene of the beetle luciferase of A. binodulus (AbLL). 20) The gene product of AbLL is fatty acyl-CoA synthetase, and not luciferase. Thus, the non-luminous click beetle A. binodulus lacks both luciferin and the luminescence activity of the beetle luciferase-like gene, in spite of its close relationship to luminous click beetles.
The mealworm beetle T. molitor (Tenebrionidae) is an outgroup taxa of cantharoids and elaterids. 17, 21) Our results showed that luciferin was not detected in larva and adult of T. molitor (Table 1 ). We also found that the homologous genes of beetle luciferase in T. molitor have fatty acyl-CoA synthetic activity but not luciferase activity with luciferin. 21) Thus, T. molitor lacks both a luciferin and a luciferase.
On the basis of the morphological analysis, Crowson 1) suggested that the luminosity of Pyrophorus (click beetle) and of various cantharoids (firefly and railroad worm) derived from a common ancestor is unlikely. Our molecular phylogenetic analysis also suggested that the ancestral state of the Elateridae was non-luminous. 19) It may be hypothesized that the larvae of luminous click Luminous species are indicated in bold. ND, not detected (undetectable level). Ã < 5 fmol; ÃÃ < 2 fmol. a Parentheses indicate the numbers of specimens used for sample preparation. Lampyrid specimens were measured at n ¼ 3. Other specimens were measured at n ¼ 1. b L-L represents the analysis by bioluminescence using recombinant P. pyralis luciferase. c Parentheses indicate the value based on the assumption that the HPLC peak is luciferin.
beetles, which are carnivorous in the larval stage, also obtain luciferin from luminous cantharoids such as Lampyridae and Phengodidae sympatrically occurring in Central and South America. However, this possibility is invalid, because adults of Pyrophorus were luminous even when the specimens were reared from egg to adult by feeding only T. molitor as bait (K. Ogura, personal communication). These results suggested that the luminous click beetle and luminous cantharoids independently developed the ability of luciferin biosynthesis.
